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Abstract 
Fragmentation phenomenon is the breaking of solids into separate fragments under quasi-static, impact or explosive loading. The 
present investigation was conducted to examine experimentally the fragmentation of brittle materials: 1) glass fragmentation 
under quasi-static loading; 2) quartz fragmentation under dynamic loading; 3) ZrO2 ceramic fragmentation using Split Hopkinson 
Bar techniques; 4) impact fragmentation of synthetic mineral alloys (syminals). 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
A basic research tool used to explore fragmentation statistics involves the determination of fragment size (mass) 
distribution, i.e., the number of fragments ( , )N r m  of size r  (mass m ) greater than some specified value. The type 
of distribution depends on a variety of factors: (i) fracture energy [Katsuragi et al.(2003, 2004); Ching et al. (2000); 
Ishii and Matsushita (1992); Grady (2010)]; (ii) material characteristics (brittle or ductile) [Grady (2010)]; (iii) 
object dimension (2-dimensional - plate, rod; 3-dimensional – cube or sphere) [Oddershede et al. (1993); Meibom 
and Balslev (1996)]. 
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The available experimental results can be classified into two types of distributions, where one is characterized by 
exponential distributions [Grady and Kipp (1985); Botvina (2011); Grady (2008, 2010); Katsuragi et al.(2005)], and 
the other – by power-law distributions [Astrom et al. (2004); Katsuragi et al.(2003, 2004); Wittel et al. (2004); 
Oddershede et al. (1993); Meibom and Balslev (1996); Kadono (1997, 2002); Ching et al. (2000); Santos et 
al.(2012); . Brodskii et al. (2011); Ishii and Matsushita (1992); Grady (2008, 2010); Turcotte (1997)]. The Gilvarry 
distribution, which is a combination of power-law and exponential distributions, also provides a good description of 
the fragment size distribution of brittle and ductile materials [Sil’vestrov (2004)]. It has been suggested by Grady 
(2008, 2010) that for ductile materials the fragment size distribution is described by the exponential function, and for 
brittle materials – by the power function. There are also some experimental works [Astrom et al. (2004); Katsuragi et 
al. (2005)], which provide evidence that the fragment size distribution can be best described by the power-law 
distribution with exponential cutoff. By analyzing a large number of experimental results, Botvina (2011) has come 
to the conclusion that the fragment size distribution of examined metals and alloys are governed by the exponential 
law. In [Turcotte (1997)], the fragmentation of brittle materials is treated as a fractal process that results in the 
distribution ( ) ~ DN r r! , were D  is the fractal dimension. The fractal character of distribution in a wide range of 
fragment sizes allows fragmentation to be considered as self-organized criticality (SOC) [Oddershede et al. (1993)]. 
2. Glass fragmentation under quasi-static loading 
We have investigated the mechanisms of quasibrittle fracture over several years. The results of statistical-
thermodynamic calculations of collective effects in mesodefect ensembles allowed us to develop constitutive 
equations for describing the processes of deformation and fracture of brittle materials taking into account defect 
accumulation [Naimark and Davydova (1993, 1996); Naimark et al. (1999); Naimark, Davydova et al. (2000)]. 
Based on these equations, software programs for modeling fracture as the process of formation of a percolation 
cluster consisting of broken elements were designed. The relationship between the fractal dimension of a percolation 
cluster and the parameters of a non-linear kinetic equation describing defect accumulation in materials was analyzed 
[Naimark et al. (1999); Naimark, Barannikov et al. (2000)]. In addition, we carried out a series of works, in which 
the dynamics of crack propagation in polymethylmethacrylate was investigated [Naimark et al. (1999)]. The results 
of simulation obtained using the percolation model and the experiments on the dynamics of crack propagation 
formed the basis for designing a glass plate fragmentation experiment under quasi-static loading conditions 
[Davydova (2002); Davydova and Davydov (2005,2007)].  
 
 
Fig. 1. (a) Fragmentation pattern and (b) fractal dimension definition for the fracture accompanied by a change in the fracture mechanism from 
single crack propagation to crack branching 
The basic requirement of the experimental technique is to safe the fragmentation patterns after unloading. The 
fractal analysis of the fragmentation pattern has supported the conclusion that these patterns are self-similar, and that 
the value of fractal dimension depends on the fracture type (propagation of a single crack or crack branching). In 
Fig.1a, the region of single crack propagation is enclosed by the circle. Outside the circle, the process of crack 
branching can be observed. The log-log plot presented in Fig.1b illustrates the determination of the fractal 
dimension using the fractal relation ( ) ~ DL S S , where ( )L S  is the total crack length inside the square frame with a 
a b 
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frame area S [Davydova et al. (2010); Davydova and Uvarov (2013)]. The value of the fractal dimension D  is 
different inside and outside the circle. The qualitative change in the fractal dimension correlates with the variation in 
the fracture mechanism (from radial crack formation to crack branching). The plot located at the right of the Y-axis 
in Fig.2 shows that the cumulative fragment size distribution for plates can be described by a power-law [Davydova 
and Davydov (2005,2007)]. 
3. Quartz fragmentation under dynamic loading  
The dynamic fragmentation statistics was studied in the recovery experiments with quartz cylindrical rods. 
Three types of loading conditions were realized using a ballistic set-up: 1) fragmentation as a result of interaction of 
direct and reflected compression waves; 2) fragmentation under the action of a compression wave; 3) fragmentation 
induced by a direct compression wave and its reverberation in rod. The recovery technique allows us to save the 
fragments and to determine the size distribution of fragments. The mass of the fragments passing through the sieves 
was obtained by weighing the fragments using an electronic balance HR-202i (accuracy 10-4 g). The analysis of 
statistical fragmentation of quartz cylindrical samples has indicated that the variation in the loading conditions, and 
sample sizes has no effect on the type of the distribution function; in all cases it remains the power-law function. 
Thus, the cumulative distributions illustrating the relation between the numbers of fragments and their linear 
dimension are represented as a log-log plot in Fig. 2. The linear dimension is defined as a cube root of mass or a 
square root of area. The distribution is fractal by nature with a power law in the form ( ) DN r Cr!  , where N  is 
the number of fragments with a characteristic linear dimension greater than r . The fractal dimension D  varies from 
1.6 to 2.0 for the plate and from 1.1 to 1.7 for the rod.  
 
Fig. 2. Double logarithmic plot of the cumulative distribution function for a glass plates and a quartz rod. 
The fractoluminescence-based method was used to measure the distribution of time quantities. Impact loading 
applied to specimens leads to the formation of fracture surfaces, which produces intensive light emission [Vettegren’ 
et al. (2008)] registered then by Photo Multiplayer Tubes. Both the fragment size distribution (Fig.2) and the time 
interval distribution separating the fractoluminescence impulses (Fig. 3a) show evidence of obeying scaling laws. 
The cumulative distribution function of the time interval (registered by two PMT) in the double logarithmic plot 
(Fig.2a) is fitted by the straight line (90% of the total number points). At small sizes (8% of the total number of 
points), the curve deviates from the straight line because the size of time interval is comparable with the 
oscilloscope sample rate (1 GHz). The falloff at the largest interval sizes (2% of the total number of points) is due to 
finite-size effects. In this case, the time interval is comparable with the process time. The central part is the line 
covering 90% of the total number of points.  
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Fig. 3. Distribution of time interval separating the fractoluminescence impulses: (a) quartz sample; (b) ceramic sample. 
4. 2ZrO  ceramic fragmentation using Split Hopkinson Bar techniques 
Experiments on fragmentation of the ZrO2 ceramic cylindrical sample (discs with diameter of 8÷13mm, height of 
7 ÷12mm, and mass of 2÷6g) were carried out using Split Hopkinson Bar (SHB) techniques. As for quartz samples 
the fragment size distribution for ceramic sample is governed by the power law. At the same time, the distribution of 
the time interval between the fractoluminescence impulses has the critical point, which separates the regions with 
small and big intervals, which correspond to different power low exponents (Fig.3b). 
Fig. 4. (a) Power law exponent versus specific deformation energy; (b) fragment number versus specific deformation energy.  
The samples with different pore structure (20%, 30%, 60% - the porosity of the powder used for ceramic sample 
sintering) were tested. Synthesis Methods (production) of these samples is described by Konovalenko et al. (2009). 
The power law exponent of fragment size distribution depends on the porosity and specific deformation energy 
(Fig.4a). As the specific energy increases, the exponent grows. Fragmentation of the more porous samples (60% 
porosity) under the same specific deformation energy as in the case of the less porous samples (20 or 30% porosity) 
results in the formation of more considerable number of fragments, especially the small ones (Fig. 4b). 
4. Impact fragmentation of synthetic mineral alloys (syminals) 
Previously, “syminals” were called “stone casting materials”. The mechanical properties of these materials are 
similar to the properties of the high strength ceramics. The examined syminal samples (disks with diameter of 80mm 
and height of 33 and 100mm) were prepared from hornblendite mined in the Urals [Ignatova (2013)]. Fragmentation 
tests were performed under hypervelocity impact loading using the Railgun described by Fortov et al. (2006). The 
projectile velocities were 2650 and 3000m/s. The fragment size distribution of syminal samples showed the double 
power law with two different exponents corresponding to big and small fragments. 
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Fig. 5. (a) Fragment size distribution for syminal; (b) photo of the syminal fragments.  
5. Conclusion. 
The fact that the fragment size distribution for all brittle materials studied in our investigation exhibits power 
laws supports the suggestion of Grady (2010) that for brittle materials the fragment size distribution is described by 
the by the power function. In addition, we have compared the statistical properties (power law exponent value) of 
quartz, ceramic, syminal in the semi-log plot with a logarithmic scale on the x-axis (fragment number per unit 
mass), and a linear scale on the y axis (exponent). The increase in the fragment number per unit mass leads to the 
growth of the power law exponent (Fig.6). 
  
Fig. 6. Power law exponent for fragment size distribution for quartz, ceramic and syminal versus fragment number per unit mass.  
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